
T
c

Y
A

a

A
R
R
A
A

K
U
C
I
N
P

1

a
f
t
p
[
t
a
o
c
i

i
p
r
c
s
M
i
r
c
k

0
d

Journal of Hazardous Materials 163 (2009) 1063–1067

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

he impact of toxicity of metals on the activity of ureolytic mixed
ulture during the precipitation of calcium

akup Kurmaç ∗
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a b s t r a c t

In this article, the inhibitory impact of metals on substrate utilization and microbial carbonate precip-
itation (MCP) by ureolytic mixed cultures (UMC) was investigated with glucose and mineral medium
under batch conditions. The IC50 (toxicant concentration eliciting 50% inhibitory effect) values were
determined from the BOD values of samples. Inhibition, expressed as the value of 50% inhibitory
vailable online 23 July 2008
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effect (IC50), was evaluated by the decrease in substrate removal using BOD tests. The effect of tox-
icity of metals on substrate degradation, IC50 values, was found to increase in the following order:
Cd(II) > Cu(II) > Pb(II) > Cr(VI) > Ni(II) > Zn(II). Nitrification a possible phenomenon in the biocatalytic pro-
cess was observed in several samples and this inhibited the precipitation of soluble calcium. During the
removal of calcium from industrial calcium-rich wastewater, toxicity of metal at higher metal concentra-
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. Introduction

Calcium-rich water tends to deposit inside the pipes and on the
ppliances during water use. Precipitates of calcium are released
rom young landfill leachates, reverse osmosis concentrates, indus-
rial processes such as bone processing, paper recycling, and sugar
rocessing [1–3] and industrial wastewaters neutralized with lime
4]. Current classic chemical crystallization reactors are based on
he addition of a base [NaOH or Ca(OH)2] in the presence of nucle-
tion sites (e.g., sand grains). These reactors are highly effective but
ften require complex monitoring and control and consequently,
an give rise to high alkaline effluents [5], which requires neutral-
zation for the following biological treatment.

A nowel method for the removal of biological calcium from
ndustrial wastewater, microbial carbonate precipitation (MCP)
rocess based on microbial urea hydrolization, was reported by a
esearch group [3–7]. Microorganisms have long been known to
atalyze the precipitation of CaCO3 under natural environments
uch as oceans, soils and saline lakes, in a process referred to as
CP [8,9]. The generally accepted mechanism of MCP involves an
ncrease in pH and dissolved inorganic carbon (DIC) of a given envi-
onment through normal physiological activities [9]. Under aerobic
onditions, heterotrophic microbial urea hydrolysis (one of the
nown MCP processes) occurs, processes, in which 1 mol of urea is
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tion at higher sludge ages should be considered.
© 2008 Elsevier B.V. All rights reserved.

ydrolyzed by the urease enzyme to 2 mol of ammonia and 1 mol
f carbon dioxide. These products can subsequently react to form
mmonium and carbonate ions, which can further react and precip-
tate as CaCO3 in the presence of soluble calcium ions. In addition
o these factors, precipitation process of CaCO3 is favoured by the
resence of nucleation sites, e.g. sand, suspended solids, bacteria

n the medium.
Numerous industries, such as automotive, metal producing,

lectroplating, battery manufacturing, mining, electric cable manu-
acturing, tannery, steel and textile, release various concentrations
f heavy metals like cadmium, lead, chromium and copper into
astewaters. These heavy metals are toxic to aquatic ecosystems

nd human health and also get accumulated in organisms beyond
olerance levels [10]. Heavy metals can exert stimulatory, inhibitory,
r even toxic effects on biochemical reactions depending on their
oncentrations. Zero-valent heavy metals are considered as hav-
ng no biological activity, however, simple or complex forms of
onized heavy metals can dramatically affect the performance
f biological systems. Trace amounts of the so-called essential
eavy metals (such as Fe, Zn, Ni, Cu, Co) have been found to
timulate microbial growth, while no beneficial biochemical role
as been assessed, up to now, for other ones (like Hg, Ag, Cd,
s and Au), which are considered as non-essential substances
11–14].
Many metal ions can exert toxicity on biological systems through

ultiple biochemical pathways simultaneously. The various mech-
nisms of metal toxicity in microorganisms are (1) substitutive
igand binding, (2) redox reactions with sulphur groups, (3)

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ykurmac@aksaray.edu.tr
dx.doi.org/10.1016/j.jhazmat.2008.07.061
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Table 1
Experiment set up composition and conditions

Composition/conditions Pb(II) Cd(II) Cr(VI) Zn(II) Cu(II) Ni(II)

Experiment periods (h) 120 238 216 156 160 134
Sludge VSS (mg VSS L−1) 199 101 197 204 232 220
Sludge SS (mg SS L−1) 241 251 250 252 252 250
Metal concentration (mg L−1) 0–64 0–128 0–128 0–128 0–256 0–512
Effective volume (mL) 97
Glucose-COD (mg L−1) 750
U −1 600
C 400
M As d
I 7.00
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enton-type reactions, (4) inhibition of membrane-transport pro-
esses, and (5) electron siphoning [15]. Workentine et al. [16]
eported that the correlations are different for biofilm and plank-
onic cells; therefore, the chemical mechanisms of toxicity are
oncluded to be different for the two modes of cell growth.
iofilms may reduce the toxicity of the metal by altering the
hysiology to ensure protection of the sensitive chemical tar-
ets of the reactive metal species. The primary mechanism of
etal removal involves a metabolism-independent process (pas-

ive uptake) through ion-exchange phenomena, complexation with
egatively charged groups, and adsorption and precipitation by
xtracellular polymeric substances (EPS) [17]. Harrison et al. [15]
ave identified several phenomena that protect biofilm cells from
oxic metal species. The various components of the resistance
nd tolerance of biofilm are as follows: (1) metabolic heterogene-
ty introduced by population structure, (2) extracellular signaling
vents affecting the physiology of the biofilm, (3) immobilization of
etal by biosorption, (4) bioinorganic reactions of metal ions with

he metabolites of biofilm, (5) adaptive responses to metal ions, (6)
ersister cells and genetic rearrangements, and (7) mutations and
henotypic variations.

MCP based on microbial urea hydrolization is a novel method
or the removal of calcium from calcium-rich waste such as young
andfill leachates, reverse osmosis concentrates, bone processing,
aper recycling, and sugar processing. pH and alkalinity increase
s ureolytic mixed culture uses COD as carbon source and urea
s nitrogen source. Then, Ca in wastewater precipitates as CaCO3.
owever, MCP process has not been studied extensively with the
onsideration of environmental variables. This study was basically
arried out to determine the inhibitory impact of heavy metals
n the ureolytic mixed cultures (UMC) in synthetic calcium-rich
astewater.

. Materials and methods

.1. Synthetic wastewater

The synthetic wastewater was prepared by considering the
imulating medium strength of municipal and liner paper man-
facturing wastewater proposed by Holakoo et al. [18], and Kim
t al. [19], respectively. The medium had the following com-
osition in mg L−1: glucose-COD (750); urea (600); CaCl2 (17);
gSO4·7H2O (1541); KH2PO4 (132); FeCl3·6H2O (19); CuSO4·5H2O
0.118); MnSO4·H2O (0.123); ZnCl2 (0.229), CoCl2·6H2O (0.404);
a2CO3 (477) and NaHCO3 (378). Sulphuric acid was used to main-

ain a pH of 7.00 ± 0.10. Composition of synthetic wastewater
esulted in COD/N/P of 100/37/4 ratio. Urea of excessive concen-
ration (600.6 mg L−1) was used in the medium to stimulate MCP
rocess. During batch experiments, CaCl2 was also added to the
edium as total Ca2+ of 400.8 mg L−1.

2

i
r
w

.6

.8
escribed in text
± 0.10

.2. Sludge production and experimental set up

Cultures were obtained from a fed-batch reactor receiving syn-
hetic wastewater and devoid of calcium and used as the initial
noculum for the batch experiments. The sludge retention time
SRT) and biomass concentration in this reactor were aproximately
0 days and 2000 mg L−1, respectively, calculated as mixed liquor
olatile suspended solids (MLVSS). Dissolved oxygen concentra-
ions during sludge production were found to exceed 2 mg L−1. The
roduced sludge had a VSS/SS ratio of 0.80 and a sludge volume

ndex (SVI) of 100 mL g−1.
The inhibitory effect of metals on bacterial urea hydrolysis was

valuated on the basis of the removal of BOD during the exper-
mental period and differences in parameters such as alkalinity,
H, NO3

−, NH4
+, SS, and VSS after the experimental period. Eigh-

een BOD bottles were used and their samples were analyzed for
very metal. Experimental conditions and medium composition
re shown in Table 1. Experiments were carried out in an incu-
ator, where the medium was mixed using a magnetic stirrer
t 20 ◦C.

.3. Respiration–inhibition test

Respiration–inhibition tests based on BOD measurements were
arried out in the bottles (500-mL volume) of WTW (Germany)
xi Top system. The synthetic wastewater containing the mineral
edium mentioned above was added to the bottles. Starting from
stock solution, heavy metals were added to obtain the target

oncentration of metals. Duplicate experiments were performed
n the bottles containing metals and non-metals. The consumption
f oxygen was monitored at specified times and compared with the
ontrol samples. Inhibition was defined as the decrease in oxygen
onsumption compared with the control samples. The inhibitory
ffect of metal (percentage inhibition) at each concentration was
alculated as

I = RB − R24

RB
× 100

B, R24: respiration rates calculated from BOD measures in the
ottle of blank control and the tested concentration of metals
g O2 L−1 day−1.
The IC50 and IC25 values were derived after plotting percent-

ge inhibition against concentration. IC50 and IC25 represent the
oncentrations of metal eliciting 50 and 25% inhibitory effect,
espectively, measured after 24 h (mg L−1).

.4. Analytical methods
Samples were removed from the mixed liquor medium after
ncubation time and were centrifuged at 5000 rpm for 10 min to
emove suspended solids from the medium. Clear supernatants
ere investigated to analyze alkalinity and ammonium, Ca2+ con-
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Table 2
The inhibitory effect of heavy metals on ureolytic mixed cultures expressed as IC25

and IC50 values

Inhibition concentration (mg L−1) Pb(II) Cd(II) Cr(VI) Zn(II) Cu(II) Ni(II)
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Cd(II) concentrations. However high concentrations of Cd(II) inhib-
ig. 1. Evolution of BOD values in function of time for different metal concentrations.

entrations of samples. Standard kits (Merck-Spectroquant) and
pectrometric methods were used for analyzing the ammonium
oncentration of samples. VSS (2540 E), SS (2540 D), SVI (2710
) and Ca2+ (3500-Ca B) were analyzed according to the standard
ethods [20]. pH and DO were measured using the apparatuses
ith relevant probes (WTW, Germany).

. Results and discussion

.1. Inhibitory effect of metals on substrate removal

The effect of metals on substrate removal was monitored using
OD data by adding various concentrations of metal ions into
he assay bottles. The measured BOD values generally showed a
ecreasing trend with higher metal concentrations as shown in
ig. 1 for Cr(VI). The percentage inhibition of bacteria at different
r(VI) concentrations is shown in Fig. 2 for, and percentage inhi-
itions calculated for all metals with respect to IC25 and IC50 are
ummarized in Table 2.

All metals showed a stimulatory effect on substrate degradation
t low concentrations. The case is in accordance with the find-
ngs of Gikas and Romanos [21] and McCarthy [22]. Similarly, Gikas
23] who studied the effects of Ni(II) and Co(II) on the activated
ludge growth rate have been assessed for a batch growth sys-

em, reported that Ni(II) stimulates the aggregate activated sludge
rowth at concentrations below approximately 27 mg L−1, while at
igher concentrations it acts as a growth intoxicator. In compar-

son with the results for 50% inhibition of substrate degradation

Fig. 2. Increase in inhibition of bacteria at increasing Cr(VI) concentrations.

i
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F
w

C50 44 17 247 NTa 23 525
C25 9 7 128 NTa 9 224

a not toxic.

ased on the exerted BOD measurements, it was demonstrated
hat the relative toxicity of the tested metals was in the order of
d(II) > Cu(II) > Pb(II) > Cr(VI) > Ni(II) > Zn(II) for UMC at incubation
ime of 1 day.

.2. The trend of Ca2+ removal after incubation time

Microbial urea hydrolyzation induce production of carbonate
nd bicarbonate ions and as a metabolic end-product, ammonia, it
nduces pH increase. When the concentration of H+ decreases, the
arbonate–bicarbonate equilibria are shifted towards the produc-
ion of CO3

2− ions. If calcium ions are present, calcium-carbonate
recipitation will occur. Thus, the amount of removal of calcium
epends on the alkalinity and pH of the medium. Occurrence of
itrification in the medium containing nitrifier microorganisms
ay result in alkalinity consumption, and hence inhibition of MCP.
itrate measurements after incubation showed the occurence of
itrification in the samples. As nitrification resulted in the consum-
ion of dissolved inorganic carbon and decrease in pH, the medium
as not appropriate for the precipitation of calcium. However,

s ammonium was partly converted to nitrate (nitrification), the
edium was maintained for the precipitation of calcium. However,

ifferent results were obtained from the batch studies of samples
ith metals at the end of the incubations. Some findings in relation

o Ca removal performances after the incubation times are given as
ollows:

Measurements of pH, nitrate and ammonium showed that
itrification partly occurred in the samples containing 0, 1 and
mg L−1 Cd(II), and fully observed in the samples containing 4,
, and 16 mg L−1 Cd(II) and among the samples containing 32,
4, and 128 mg L−1 Cd(II), nitrification did not occur, these results
re shown in Fig. 3. As Cd(II) stimulated the ureolytic activity
ith respect to the consumption of BOD and production rate of

mmonium, the media were suitable for nitrification at medium
ted urease activity, resulting in the hydrolyzation of urea into
mmonium. Measurement of lower alkalinity values showed that
rea was not entirely hydrolyzed to ammonia and carbonate at

ig. 3. Values of nitrate, ammonium and calcium at the end of incubation of samples
ith Cd(II).
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ig. 4. Values of pH and alkalinity at the end of incubation of samples with Cd(II).

igher Cd(II) concentrations (Fig. 4.) Hence, lower pH values were
bserved at higher Cd(II) concentrations.

As shown in Fig. 5, Ni(II) concentrations increased soluble cal-
ium levels among the samples. The values of soluble calcium
ncreased from 97 to 349 mg L−1 for Ni(II) free sample and also
or the sample containing 512 mg L−1 Ni(II) at the end of the incu-
ation period. Also, the amounts of ammonium and pH levels
ere decreased at higher metal concentrations of the samples.

hese findings clearly showed that UMC was inhibited by Ni(II)
ons in a concentration dependent manner. Urea was not effec-
ively hydrolyzed by bacteria, hence, the amount of ammonium
nd pH were extremely low in the sample containing high level
f Ni(II). The process of removal of calcium was strongly depend
n the hydrolyzation products of urea such as, NH3, CO2 according
o the findings of Hammes et al. [3]. Firstly, urea was hydrolyzed
o ammonia by UMC for N requirement in biosynthesis. Ammo-
ia converted to simultaneously ammonium in water and cause
H increase. Medium might be appropriate for nitrification in this
ase. Occurrence of nitrification in the medium containing nitri-
er microorganisms may result in alkalinity consumption, and
ence inhibition of MCP. Nitrate measurements after incubation
howed the occurrence of nitrification in the samples. As nitrifica-
ion resulted in the consumption of dissolved inorganic carbon and
ecrease in pH, the medium was not appropriate for the precipi-
ation of calcium. However, as ammonium was partly converted to
itrate (nitrification), the medium was maintained for the precipi-

ation of calcium.

The pH increased with the increase in the production of
mmonia from urea, but it did not exceed 8.55 because of ammo-
ium buffer equilibrium. This is one of the major advantages of

ig. 5. Values of ammonium, calcium, and pH at the end of incubation of samples
ith Ni(II).
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ig. 6. Values of ammonium, nitrate, and calcium at the end of incubation of samples
ith Pb(II).

iocatalyitic calcification process compared with chemical ones.
urthermore, microscopic examination of the calcifying sludge
howed the presence of small, but dense calcareous flocs, partic-
larly taken from the samples with either no or less Ni(II).

As shown in Fig. 6, calcium was removed only from those sam-
les having Pb(II) concentrations higher than 16 mg L−1. The values
f soluble calcium decreased from 400 to 108 mg L−1 at Pb(II)
oncentration of 64 mg L−1 and for the control, it decreased to
36 mg L−1 at the end of the incubation period. Also high levels
f alkalinity and pH were observed among the samples in after
he removal of calcium. High levels of alkalinity and pH cause the
recipitation of calcium described by previous study [24]. Nitri-
cation might take place, as the substrate was entirely consumed
mong the samples containing lower Pb(II) concentration. The data
or ammonium and nitrate confirm the nitrification of these sam-
les as shown in Fig. 6. Because of higher Pb(II) concentrations,
itrification was inhibited in the medium due to low growth rates
f nitrifying bacteria and their toxic metal [25] with extremely high
ensitivity. Similarly, Isik [26] studied the removal of calcium from
ynthetic wastewater using ureolytic mixed culture under batch
onditions, and reported that nitrification inhibited the precipita-
ion of calcium.

. Conclusions

In this study, synthetic wastewater containing Ca2+, urea and
etals were incubated with UMC under batch conditions to deter-
ine the inhibitory effect of metals on biocalcification process.

rom the present study, the following conclusions could be drawn

The impact of toxicity of metals on substrate degra-
dation was found to increase in the following order:
Cd(II) > Cu(II) > Pb(II) > Cr(VI) > Ni(II) > Zn(II).
Nitrification is a possible phenomenon in the biocatalytic process
and inhibited the precipitation of soluble calcium. Nitrification
occurred in several reactors and showed an inhibitory effect
towards the removal of calcium.
At low concentrations (0–2 mg L−1), partial nitrification was
observed, entire nitrification occurred at medium concentrations
(4–16 mg L−1) because of metal situmulations, and inhibition of
ureolytic activity was observed at high concentrations (higher

−1
than 32 mg L ) in the samples containing Cd(II).
The concentrations of Ni higher than 64 mg L−1 inhibited biocal-
cification process.
The concentrations of Pb(II) higher than 16 mg L−1 inhibited the
nitrification process which cause decrease in alkalinity and pH,
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and this phenomenon could maintain the precipitation of cal-
cium.
The concentrations of Cr(VI), and Zn(II) up to 128 mg L−1 in sam-
ples were out of toxicity levels for substrate degradation and
nitrification process.
For the removal of calcium from industrial calcium-rich wastewa-
ter, metal toxicity and possible nitrification should be considered.
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